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1.0 EXECUTIVE SUMMARY

Multi-stage flash distillation (MSF) driven by thermal energy derived from a salinity-gradient
solar pond has been studied in this research to improve the thermodynamic efficiency and
economics of this technology. Three major tasks have been performed: (1) a multi-effect, multi-
stage (MEMYS) flash desalination (distillation) unit has been tested under various operating
conditions at the El Paso Solar Pond site; (2) the operation and maintenance procedures of the
salinity-gradient solar pond (SGSP) coupled with the desalination operation have been studied;
and (3) previous test data on a 24-stage flash distillation unit (so-called Spinflash unit) has been
further analyzed and compared with the performance of the MEMS unit.

The research provides useful data and information for improving the overall thermodynamic
efficiency and economics of solar-pond-coupled MEMS desalination. The data and information
obtained in this project are also very useful for thermal desalination using other solar options
and/or waste heat.

2.0 BACKGROUND AND INTRODUCTION
TO THE PROJECT

As water shortages become a major problem, both nationwide and globally, desalination will
increasingly be required to meet growing demands for fresh water. Desalination technologies
have developed rapidly during the past several decades for desalting a variety of raw waters
(seawater, brackish ground water, industrial waste water). Among the desalination technologies,
thermal desalination, including multi-stage flash distillation (MSF) and multi-effect distillation
(MED), are the current leading desalination processes. In 1996, the total capacity of thermal
desalination represented about 70 percent of the world total of seawater desalination plants.
(Morton, et al., 1996) Thermal desalination is an energy-intensive process. According to some
studies, thermal desalination consumes approximately 1.3 kWh electricity and 48.5 kWh heat,
for each m® of water desalinated (3 percent electricity and 97 percent heat). (Mesa, et al., 1996)
As costs for energy rise and carbon emission reduction is legislated it becomes increasingly
important to lower traditional energy requirements for desalination by making use of solar
energy and/or low cost waste heat.

During the past two decades, a substantial amount of research into solar energy desalination has
been undertaken (Manwell and McGowan, 1994). Thermal desalination by salinity-gradient
solar ponds is one of the most promising solar desalination technologies, and has been studied in
the United States, Israel, and several other countries. (Swift, 1988; Esquivel, 1992; Glueckstern,
1995) These studies have shown that for sites where conditions are favorable for salinity-
gradient solar ponds, they are less costly than other solar options. Moreover, solar ponds
provide the most convenient and least expensive option for heat storage for daily and seasonal
cycles. This is very important, both for operational and economic aspects, if steady and constant
water production is required. Another advantage of desalination by solar ponds is that they can
utilize what is often considered a waste product, namely reject brine, as a basis to build the solar
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pond. This is an important advantage when considering solar ponds for inland desalting for fresh
water production, or brine concentration for use in salinity control and environmental cleanup
applications.

Combining the salinity-gradient solar pond technology with MEMS and other desalination
technologies can possibly lead to a "zero discharge" desalination process. Figure 1 shows one
approach to "zero discharge." The reject concentrate from the primary desalination process, such
as reverse osmosis (RO), electrodialysis (ED), or MSF, provides make-up water to the salinity-
gradient solar pond (SGSP), which in turn provides feed brine to a MEMS. The highly saline
brine from the MEMS will be fed to a brine concentrator and recovery system (BCRS). The
BCRS is driven by the thermal energy from the SGSP, producing a near-slurry salt discharge.
The salt discharge is then used to recharge the solar pond, adding to the SGSP capacity, or is
processed as chemicals for use or sale. This systems approach addresses two critical
environmental issues for inland desalting plants: 1) reusing the brine concentrate thereby
negating the need for disposal (zero discharge); and 2) providing additional pollution-free
renewable energy for the desalting process.

Primary Desalination SGSP MEMS BCRS
RO/ED/Thermal Surf
Pri urface
Er 111 ergy Evaporation
Solar Pond A\ 40,000 ppm 250,000 ppm
.. 2,000 ppm 30,000 ppm Syrface Make-up
Brackish +—>
Supply
Thermal Ener:
|| Concentrate Slurry Product Water
\ 4 SGSP Maintenance & Expansion £ v
Product Water Salt / Chemical Additional
Production Product Water

Figure 1. Schematic of Zero Discharge Desalination System



In the United States, the previous research on thermal desalination powered by salinity-solar
ponds was mainly conducted at The University of Texas at El Paso (UTEP) through the support
of the U.S. Bureau of Reclamation. Two falling-film, multi-stage flash (MSF) distillation units
(Spinflash) were tested intermittently during the periods of 1987 to 1988 and 1990 to 1992,
respectively (Kyathsandra, 1988; Li, 1992; McElroy, 1993), and a multi-effect, multi-stage
(MEMSY) distillation unit (Licon unit) with a vapor compression unit was tested for a short period
of time in 1992 at the El Paso Solar Pond site. These previous tests focused on the technical
feasibility of thermal desalination coupled to solar ponds. The technical feasibility of
desalination using thermal energy from solar ponds has been proven. However, this technology
is still in the development stage, and past demonstration plants have experienced operational
difficulties (Thomas, 1997). In order to demonstrate long-term reliability of this technology, and
most importantly, to improve its thermodynamic efficiency and economics, to make it more cost-
effective and competitive with other desalination options, additional research is needed.

The objectives of this project are to determine the thermodynamic performance and economics
of multi-effect, multi-stage (MEMS) flash desalination driven by the thermal energy derived
from a solar pond and to test and demonstrate the long-term reliability of this operation. The
major task of this project is to operate and test a MEMS unit under different operational
conditions including heat input, temperature level, and raw water sources. This MEMS unit was
installed at the El Paso Solar Pond site in October 1997, but has only undergone limited testing
prior to this project. In order to determine the relationship between the performance of the
MEMS unit and operational conditions, extensive tests were conducted and data were collected
and analyzed. In addition to the test of the MEMS unit, the solar pond operation and
maintenance procedures coupled with desalination operation were also studied in order to
improve and optimize overall efficiency and economics of solar-pond-coupled thermal
desalination. Also, for gaining a better understanding of the solar-pond-coupled thermal
desalination technologies, the previous test data on a 24-stage flash distillation unit (Spinflash
unit) were further analyzed and compared with the performance of the MEMS unit.

This project made productive use of predominately existing facilities at the University of Texas
at El Paso to perform research tests and to collect operational data. The research work provides
definitive data and information on the economics and technical performance of solar-pond-
coupled thermal desalination. These data and information are also useful for improving
thermodynamic efficiency and economics for other solar and/or waste heat thermal desalination
options.

This project has a positive impact on the environment for both the short term and long term.
The pond utilizes solar energy thereby eliminating fossil fuel based emissions as a source of
atmospheric contamination. For the long term the technology makes use of renewable solar
energy and is sustainable. Therefore, the technology itself is environmentally friendly, and if
implemented would serve as a sustainable energy source for the desalination of brackish waters.



3.1

3.0 CONCLUSIONS AND RECOMMENDATIONS

Conclusions

The MEMS unit can be operated successfully with thermal energy derived from a
salinity-gradient solar pond.

The MEMS unit can be effectively operated at a top brine temperature range of
65— 80 °C (149 — 176 °F). The upper limit is determined by the material used in
construction of this particular unit.

The MEMS unit can be operated with very high concentration levels, with the
reject brine at near saturation. Therefore, the MEMS unit can be used for
desalting higher concentration brackish water.

The production rate of distillate for this MEMS unit ranged from 0.43 to 1.32
gallons per minute (gpm) (1.63 to 5.00 liters per minute). A statistical analysis of
the test data shows that of 13 variables measured and calculated, production rate
is significantly affected only by flash range, reject concentration, and first-effect
water recirculation rate. Production rate increases with flash range and first-effect
water recirculation rate, but decreases with reject concentration.

The performance ratio ranged from 1.70 to 3.72 pounds of distillate per 1000 Btu
of thermal energy input. A statistical analysis for performance ratio shows that of
13 variables measured and calculated, the performance ratio is significantly
affected by flash range, temperature of distillate, and temperature of reject brine.
Performance ratio increases with temperature of distillate and decreases with flash
range and temperature of reject brine.

The MEMS produces high quality distillate. The total dissolved solid level of the
product is about 2-3 mg/l. There is no significant influence of operating
conditions on the quality of the distillate.

The solar pond surface water is an effective cooling source for thermal
desalination. By using the surface water as a cooling source, the electricity
consumption for the cooling loop can be reduced.

Scaling was observed in the third stage condenser during the tests. Statistical
analysis of the data indicates that the observed scaling had no significant effect
upon production rate and performance ratio.

Compared with the Spinflash unit, the MEMS unit has a lower performance ratio.
This is a limitation of the MEMS unit, not the technology. The performance ratio



can be increased by adding more stages. The MEMS unit is much easier to
operate and maintain and requires no specific pretreatment of feed.

. These tests added confidence to the thermal desalination performance data used in
a previous study. Economic analysis of a salinity gradient solar-pond-coupled
desalination plant using thermal desalination and reverse osmosis technology was
examined. The study showed that the salinity gradient solar-pond-coupled system
produced the lowest cost water when compared with evaporation ponds and deep
well injection as brine concentrate disposal alternatives. Based on this research,
MEMS, operated with heat from a solar pond, appears to be a viable thermal
technology to treat highly saline feed water using heat from a SGSP. This is an
important result in realizing the long-term potential of zero discharge
desalination.

3.2 Recommendations

. The water level of both the first and fourth flash chambers should be controlled
automatically. This will make the unit operate continuously at near steady state
and increase its efficiency.

) Better thermal insulation is needed on the MEMS unit to reduce heat losses and
increase thermal efficiency.

. Information and data on the same type, but large-scale unit, need to be gathered in
order to perform a more realistic economic analysis for large-scale desalting
facilities.

4.0 DESCRIPTION OF TEST FACILITIES

4.1 Salinity Gradient Solar Pond

A salinity-gradient solar pond (SGSP) is a body of water that collects and stores solar energy.
Generally, it has three regions (from top to bottom): the upper convective or surface zone; the
main gradient zone (MGZ); and the lower convective or storage zone. The upper convective
zone (UCZ) is a homogeneous layer of low-salinity brine or fresh water, and the lower
convective zone (LCZ) is a homogeneous, concentrated salt solution that can be either
convecting or temperature stratified. Inbetween is the nonconvective, main gradient zone, which
constitutes a thermally insulating layer in which the salinity increases with depth (Hull, et al,
1989). Insolation is absorbed and stored in the lower levels of the pond which typically operates
in the range of 60 to 90 °C. SGSPs have the potential to produce low cost thermal energy from a
renewable source at large scale for industrial applications, including desalination.



The El Paso Solar Pond (Figure 2) is a research, development, and demonstration project
operated by the University of Texas at El Paso and funded by the Bureau of Reclamation and the
State of Texas. The project was initiated in 1983 and is located on the property of Bruce Foods,
Inc., a food canning company. The El Paso Solar Pond has been operated since 1985. It was the
first in the world to deliver industrial process heat to a commercial manufacturer in 1985, the
first solar pond electric power generating facility in the United States in 1986, and the nation's
first experimental solar-pond-powered water desalting facility in 1987. The pond has a surface
area of 3000 m” (0.75 acre) and a depth of about 3.25 meters (10.7 feet). The thicknesses of the
UCZ, MGZ, and LCZ are approximately 0.7 m (2.3 ft), 1.2 m (3.9 ft), and 1.35 m (4.4 ft),
respectively. Typical density and temperature profiles for the El Paso Solar Pond are shown in
Figures 3, 4, and 5, respectively.

The MEMS project was delayed from March 22, 1999 until May 15, 1999 because of the loss of
the gradient in the solar pond due to inadequate salt management facilities, which have since
been attended to. Prior to and during the suspension, the solar pond was partially drained while
new salt was purchased and dissolved. After sufficient saturated brine was obtained, the salinity
gradient was created during the week of April 5-10, 1999. Figure 5 shows the temperature
history of both the UCZ and LCZ of the pond through the middle of December 1999. The
temperature of the lower convective zone increased at an average rate of 1 °C (1.8 °F) per day
from April 6 through June 10, 1999. After reaching an operating temperature of 85 °C (185 °F)
on June 10, the pond began providing heat to the MEMS unit, as well as to an organic Rankine
cycle (ORC) engine for electricity generation, a thermal membrane desalting unit, and a brine
concentrator.

Figure 2. Picture of the El Paso Solar Pond
6
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4.2 MEMS Unit
4.2.1 Equipment Description

The multi-stage flash distillation (MSF) process makes use of the fact that water boils at
progressively lower temperatures as it is subjected to progressively lower pressures. The feed
water (brackish or seawater) is heated and then introduced into a chamber (so-called flash
chamber) where the pressure is sufficiently low to cause some of the water to boil instantly, or
“flash” into steam. Vaporization of some of the water results in lowering the temperature of the
remaining brine. The brine then flows into the next flash chamber where the pressure is lower
than the previous chamber, more of the water flashes into steam, and the temperature is again
reduced. In order to reduce energy requirements and obtain efficiency in the recovery of thermal
energy, multi-effect, multi-stage distillation (MEMS) technology has been developed. A MEMS
distillation system may be considered as a series of several single-effect, multi-stage (SEMS)
distillation systems with proper arrangements for the recycle loops. Each component of the
SEMS system is called an effect. The water vapor evolved in an effect can then be used to heat
another effect boiling at a still lower temperature and pressure. The MEMS flash distillation
process appears to have several advantages over the SEMS flash distillation process in
increasing the steam economy (Williamson, et. al., 1965; Cadwallader, E.A., 1964; Silver, R.S.,
1966; and Fan, et. al., 1968).

The MEMS unit tested in this project is similar to the one tested in 1992, except without the
vapor compression unit. It is a 3-effect, 4-stage flash distillation unit which was originally
designed by W. R. Williamson and manufactured by Licon, Inc. in Pensacola, Florida for
producing high quality distilled water from saline or brackish water at the rate of about one
gallon per minute. The advantages of the MEMS unit are multi-stage operation, use of low
quality heat energy, and robust design. Unlike conventional evaporators that use vacuum pumps,
this unit employs eductors (jet-pumps) to produce evacuation. The eductors work by converting
pressure head in the entraining stream to velocity head in the suction chamber. In the parallel
section velocity head is converted back to pressure head and the suction stream entrained.
Eductors have an advantage over vacuum pumps in having no moving parts. The evaporator and
condenser shells are constructed of fiberglass materials which are strongly resistant to corrosion.
In an effort to further minimize corrosion, the tube heat exchanger bundles are constructed of
stainless steel and titanium alloys. Such features help to lower maintenance and assist trouble-
free operation, consequently leading to a longer unit life and lower operation and maintenance
costs.

Figure 6 shows a picture of the MEMS unit, and Figure 7 shows its schematic and piping system.
As shown in these figures, there are four flash chambers with corresponding condensing bundles
in the MEMS unit. The first and second chambers make up the first effect, the third chamber is
the second effect, and the fourth chamber is the third effect.



Figure 6. Picture of the MEMS Unit
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The flash chambers (Figure 8) are fiberglass cylinders that increase progressively in diameter
from 8 to 12 inches (20.3 to 30.5 cm). The diameter of each is dictated by the constraints of the
separator mesh. The mesh allows vapor to cross at velocities from 18 to 25 ft/s (5.5 to 7.6 m/s).
Each chamber in the series is at a lower pressure. This increases the volumetric flow rate and
requires larger chambers to keep velocity within range (Barron, 1992).

Each of the four flash chambers has a corresponding condensing bundle connected by a steam
duct constructed of CPVC pipe. The first stage condenser is a single pass bayonet-augmented
heat exchanger, as shown in Figure 9. Although the bundle configuration pertaining to the
second flash chamber is different than that of the third and fourth chambers, the three condensers
are, in general, bayonet-augmented heat exchangers, but of a double-pass design. The condenser
design for the second stage is shown in Figure 10, and the condenser design for third and fourth
stages is shown in Figure 11. The cylindrical shells of all the condensers are constructed of
2-inch thick fiberglass and embody flanges used to assemble the bayonet configuration, as
required by the design. On one or both ends of the vessel, the design provides for sight windows
that are used for visual inspection of either corrosion or scaling. The condensing tube bundles
used in this MEMS unit use titanium as the contact material and polypropylene as the bayoneted
material. The condensers are arranged to conserve space and to allow the produced distillate to
be gravity fed (in addition to vacuum dragged) from one shell to the next, see Figure 12. For
more detail description about this MEMS unit, see Barron (1992).

The MEMS unit has one concentrate tank, made of polypropylene, which can withstand
temperatures in excess of 180 °F (82 °C). The tank, as shown in Figure 13, is separated into two
sides by a V-notch weir. The weir measures flow rate. The concentrate flows over the V-weir
and through a course strainer, where it is vacuum-dragged out of the left side and into its
corresponding flash chamber. A calm area is created on the right side of the tank to allow for
sedimentation of crystallized solids.
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4.2.2 Process Description

The MEMS unit tested in this project is a low temperature, vertical tube, flash evaporator. The
classification of high temperature and low temperature is dictated by top brine temperature
(TBT). High temperature is any temperature greater than 90 °C (194 °F) and low temperature is
less than 90 °C (194 °F). (Al-Shammiri and Safar, 1999) The process of the MEMS unit is
shown in Figure . The first step in starting up the unit is to evacuate the condensers and the flash
chambers. This is accomplished by running the distillate pump, which circulates the water in the
distillate network. The water flows through two in-line eductors, one connected to the second
condensing bundle and the other to the fourth condensing bundle. The flowing distillate also
serves as a coolant for the flash pumps. Once the appropriate vacuum is reached, the flash
pumps that circulate the concentrate within the system can be energized accordingly. The
concentrate will be both vacuum-dragged and pumped into each of the flash chambers. Upon
entering the flash chamber, the concentrate enters tangentially on the inner chamber wall,
causing the feed to form a cyclone. Once the entering concentrate reaches a certain temperature,
the presence of a vacuum inside the chambers causes some of the water to be flashed. The vapor
rises through a separator mesh (see Figure for chamber configuration), continuously flowing as
steam through a steam duct and into a condensing bundle. The concentrate that is not flashed is
pumped through the condensing bundle of the previous effect to pick up the heat of the
condensed steam. The steam that is produced in the last effect is condensed with the aid of an
external cooling source, such as a cooling tower or solar pond surface water.

Since a partial amount of concentrate is constantly being flashed and condensed into distillate,
the concentrate level is periodically replenished. The feeding takes place in the pipe that
connects the first flash chamber with the second flash chamber as shown in Figure . At this
point, the feed water enters the system. The amount of feed is regulated by a solenoid valve
located in the feed line, which is controlled by an ultrasonic level indicator that monitors and
controls the water level in the first and second chambers.
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5.0 WORK PERFORMED

5.1 Set Up and Refurbishment of the MEMS System

In order to test the MEMS over a wide range of operating conditions and to obtain information
about its performance, the MEMS unit was refurbished, the piping system modified and rebuilt,
and a data acquisition system installed as outlined below:

Refurbished the piping system and fixed water leaks and vacuum leaks.
Replaced some broken parts on the MEMS unit.

Fixed the baffle plates in the second and third stage condensers.

Installed a 3000-gallon tank for feed water supply, and installed a level control
system in the tank.

Rebuilt feed water supply system and installed a circulation pump, a fill pump,
and a pressure tank.

Installed a pH monitoring and adjusting system for feed water supply.
Installed thermocouples, vacuum gauges, and flow meters on the MEMS unit.
Installed a data acquisition system and set up a shelter for it.

Constructed the cooling system for use with pond surface water.

Preliminary testing was performed in June and July 1999 prior to the start of the performance

test.

5.2 Performance Testing

Performance tests were conducted during the period August through December 1999. The
MEMS was tested with five different feed stocks: 1) solar pond surface brine; 2) well water at

the solar pond site; 3) brine with similar salinity as seawater; 4) Rio Grande water; and 5) ground

water from east El Paso, TX. Among these waters, the total dissolved solids (TDS) level ranged
from 1000 mg/I for the Rio Grande water to 58,000 mg/1 for the “seawater.” Table 1 shows the
chemical analysis of a typical feed water sample.

Table 1. Chemical Analysis of Feed Water (Solar Pond Surface Water)

Parameter Total Dissolved Solids (mg/l)

Total Hardness as CaCO3 1,250

Calcium as CaCOs 1,000

Total Solids 17,300

Total Dissolved Solids 17,100

Suspended Solids 120

Chloride 13,000

Sulfate 180

Sodium 6,670
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The tests were conducted at various operating conditions, mainly different salinities of the
concentrate (therefore different recovery ratios), and different temperature levels (therefore
different heat input to the unit). The TDS level of the concentrate brine ranged from 3000 to
over 260,000 mg/l. The first stage vapor temperature, which is the highest one among the four
stages, ranged from 60 to 70 °C. Also, two cooling modes were used in the tests: a cooling
tower and solar pond surface brine. The cooling tower was used for most of the tests; solar pond
surface water was used for the other tests to assess its feasibility and to compare the overall
thermal efficiency of the two modes. The test conditions are summarized in Table 2. It should
be noted that the actual operating conditions of the tests are somewhat different from the values
listed in the table, because there are many variables and it is difficult to control the operating
conditions precisely for each run. The tests with Rio Grande water and east El Paso ground
water were only conducted at low salinity of concentrate due to the limitation of water
availability.

Table 2. Test Conditions

TDS of Concentrate Vapor
Source of Feed Feed Water Salinity  TDS Temperature Cooling Mode
Water (mg/l) ( percent) (mg/l) of Stage 1 (°C)
Solar Pond 17,000 10 100,000 60, 65, 70 Clg Tower
Surface Brine 17,000 15 160,000 60, 65, 70 Clg Tower
17,000 20 245,000 | 60, 65, 70 Clg Tower
Well Water 1,650 8 83,000 60, 65, 70 Clg Tower
1,650 12 135,000 70 Clg Tower
43,000 15 160,000 | 60, 65, 70 Clg Tower
“Seawater” 43,000 21 261,000 60, 65, 70 Clg Tower
43,000 26 310,000 70 Clg Tower
54,000 22 260,000 | 60, 65, 70 S-Pond Surface
Rio Grande 1,400 7 75,000 60, 65, 70 S-Pond Surface
Water
East El Paso 2,200 1 5,000 60, 65 S-Pond Surface
Ground Water

5.3 Data Collection

During the tests, the following parameters were collected automatically at a time interval of six
minutes:

Temperature and flow rate of hot brine from the solar pond
Vapor temperature of each stage of the MEMS unit

Inlet and outlet temperatures of each condenser

Vacuum of each flash chamber

Temperature of feed water

Temperatures of the cooling loop

Temperature of distillate

Conductivity of distillate
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The following data were collected manually and periodically during the tests:

Conductivity, specific gravity, and pH of feed stock
Conductivity, specific gravity, and pH of concentrate
Conductivity and pH of distillate

Flow rate of cooling loop

Quantity of feed in to the MEMS unit

Quantity of distillate production

Quantity of concentrate blow down

The following data were measured periodically during the tests:

Characteristics of raw water: chemical composition and total dissolved solids
(TDS) level
Quality of production water (distillate): chemical composition and TDS level

5.4 Data Analysis

Based on the data collected, the following parameters were calculated:

Production rate of distillate

Heat input from the solar pond

Energy (both thermal and electrical) consumption rate

Performance ratio, defined as the pounds of distillate produced per 1000 Btu of
thermal energy input (i.e., energy required to evaporate distillate / energy used)
Recovery ratio defined as the volumetric ratio of distillate produced to the feed in
(i.e., volume of distillate produced / volume of feed)

The production rate of distillate is calculated by using the equation:

Production Rate -

Total Volume of Production

Total Operation Time

The heat input from the solar pond, Qiy, is calculated as follows:

Where:

On=pVC, AT

p=1.2kg/1(10.01 1b/gal) is the density of the saturated brine of the solar pond

V' is the volumetric flow rate of the hot brine through the heat exchanger

C, is the specific heat of the brine

AT is the temperature difference of the hot brine between the inlet and outlet of
the heat exchanger.
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According to data from the Office of Saline Water (1971), C, = 0.80 Btu/Ibm (3.349 kJ/kg°C).for
a saturated aqueous sodium chloride solution (26 percent NaCl by weight) in the temperature
range of 160 to 180 °F (71 to 82 °C).

The heat input from the solar pond, Qj,, was used as the thermal energy input in the calculation
of performance ratio. Since the Qjj is the total heat input which includes both the heat used for
distillation and the heat losses through the process, the calculated values for performance ratio

should be conservative.

The recovery ratio was calculated based on the mass balance of both water and salts. The
equation is as follows:

ered * Cfeed = Vdist * Cdz'st +Vcon * Ccon

where, Vieea, Vais and V., are the volumes of feed water, distillate production, and concentrated
brine, respectively, and Creq, Cais ;,and Ce,, are the concentrations of total dissolved solids (TDS)
in the feed water, distillate, and concentrate, respectively.

For steady state,
ered = Va’ist + Vcon
Therefore, the recovery ratio is

Va’ist / ered :(Ccon - Cfeed)/ ( Ccon - Cdist)

5.5 Comparison with Previous Tests with Spinflash Unit

A comparison of operation and economics of the MEMS and Spinflash was made. The Spinflash
(24-stage, falling-film flash distillation unit) was tested at the El Paso Solar Pond site
intermittently during the period 1987 through 1992, and useful data and information were
gathered. These data and information were reviewed and compared with the results of the
MEMS test. The comparison focused on performance and operation and maintenance. Results
of the comparison are discussed in Section 6.7.

5.6 Solar Pond Operation and Maintenance

The solar pond was the sole thermal energy source for the MEMS test. In order to ensure the
pond operated at the best condition and provides sufficient heat to the MEMS unit, as well as
other facilities, the pond was monitored and maintained carefully. During the period of this
project, the salinity gradient was maintained mainly by lowering the density of the surface zone
through pumping some surface brine out to evaporation ponds and adding fresh water onto the
surface. Acid was added into the pond to control algae growth and maintain the pond clarity.
The temperature in the lower convective zone was maintained between 75 and 91 °C during the
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period from early June through mid-December 1999, as shown in Figure . The highest
temperature, 91 °C, occurred on August 11, 1999 and the lowest temperature, 75 °C, occurred on
December 13, 1999. The maximum temperature difference between the lower convective zone
and upper convective zone was 74 °C. This occurred on October 18, 1999 when the
temperatures in the upper and lower convective zones were 10 °C and 84 °C, respectively. In
June 1999 the thickness of the lower convective zone was increased from 115 cm (3.8 ft) to 135
cm (4.4 ft) by adding saturated brine from the evaporation ponds into the lower convective zone.

6.0 RESULTS AND ANALYSIS

MEMS testing was conducted from August through December 1999. Based on the data
collected, the distillate production rate, energy consumption rate, and distillate recovery ratios
were calculated. These results are summarized below. Detailed data for each of the tests are
shown in the Appendices.

6.1 Operating Characteristics

The major operating parameters for the tests are summarized in Table 3. The top brine
temperature is the temperature of the brine entering the first stage, which is the highest brine
temperature among the four stages. The flash range is defined as the temperature difference
between the brine entering the first stage and the rejected brine from the fourth stage.

As an example, Figure 14 shows plots of several critical temperatures of the MEMS during the
test on September 16, 1999. “Pond Brine Temp” is the temperature of the heat source, i.e. hot
brine from the solar pond, and “TBT” is the top brine temperature of the MEMS unit. The
cooling temperature is the inlet temperature of the cooling water into the fourth stage condenser
of the MEMS unit. During this test, the TDS level of feed water was 1650 mg/1, and the TDS
level of the concentrate was 86,000 mg/l. For this test, the average distillate production rate was
1.24 gallons per minute (gpm), the performance ratio was about 2.61 pounds of distillate per
1000 Btu heat input, and the distillate recovery ratio was about 98 percent, meaning 98 percent
of the feed water was recovered as distillate. It can be seen that the MEMS unit does not
function to produce distillate immediately upon start up. Rather, the unit requires a “warm up”
period of about one hour before reaching a steady-state operating condition. Ideal steady-state
conditions in the case of this unit are a misnomer, due to the fact that slight temperature
variations occur during normal operation. When the unit is said to be in “steady state” or
warmed up, it really means that all four flash chambers are at adequate vacuum and are being
supplied with concentrate at a high enough temperature to cause flashing, thus sending vapor
into all four condensing bundles.
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Table 3. Major Operating Parameters

Parameter Test Range
Heat Source (Solar Pond Hot Brine)
Temperature 77-87 °C
Flow Rate 4 —73 gpm
Cooling
Inlet Temperature 11-36°C
Flow Rate 7 — 34 gpm
Feed Water
TDS 1400 - 58,000 mg/l
Temperature 12 - 28 °C
Reject Concentrate
TDS 3000 - 311,000 mg/l
Temperature 35-51°C
Distillate Product
TDS 2 — 14 mg/l
Temperature 24 — 43 °C
Top Brine Temperature (TBT) 63 — 80 °C
Flash Range 16 — 37 °C
Vacuum 22 — 24 in. of Hg
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Figure 14. Operating Temperatures

23




Figure 15 shows the relationship of the vapor temperatures and corresponding vapor pressures of
each stage. It can be seen that among the four stages, the largest temperature difference was
between the third and fourth stages, while the largest vapor pressure drop occurred between the
first and second stages. Both the temperature and pressure drops between the second and third
stages have the lowest values.
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Figure 15. Thermal Operating Characteristics (9/16/99)
(TDS of feed water = 1650 mg/1; TDS of concentrate = 86,000 mg/1)

6.2 Distillate Production Rate

During the test period, the distillate production rate ranged from 0.43 to 1.32 gpm (1.63 to

5.0 liters per minute). The MEMS unit contains a conductivity probe that automatically controls
the quality of disillate. Distillate is not produced by the unit until the quality is above the set
limit. For all the test results shown the quality switch was set at 100 uS (~50 mg/L TDS). Once
the set minimum quality is reached, MEMS begins producing water, typically with a quality of
<2 mg/L TDS. Because of the high quality of the distillate, MEMS production rates could be
increased substantially by blending.
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The relationship between distillate production rate and operating conditions was analyzed
statistically with JMP software which is developed by SAS Institute Inc. A model was built to
predict the production rate from the measured independent variables. Of the 13 independent
variables, three were found to be statistically significant at the 95 percent confidence level. The
significant variables as shown in Table 4 below are: flash range, concentration level of reject
brine, and circulation rate of the first effect.

Table 4. Major Factors
Parameter Production Rate Performance Ratio

Solar pond brine temperature
Solar pond brine flow rate
Top brine temperature (TBT)
Flash range 4 v
Feed water TDS
Feed water temperature
Reject brine TDS v
Reject brine temperature
Cooling water temperature 4
Distillate TDS
Distillate temperature v
Water circulation rate of 1st effect v
Vacuum level

Note: ¢ = significant effect; otherwise no significant effect noted.

The results of the analysis are presented in Figure 16 which shows the overall fit with all three
independent variables and Figures 17, 18, and 19 which show the fit with each individual
variable, respectively. It can be seen that the production rate increases with increased flash
range and the circulation rate of the first effect, but decreases with concentration of reject brine.

Response: Production Rate (I/min)
Summary of Fit

Rsquare 0.910752
RSquare Adj 0.892903
Root Mean Square Error 0.2443
Mean of Response 3.334784
Observations (or Sum Wgts) 19
Effect Test
Source Nparm DF Sum of Squares F Ratio Prob>F
Flash Range 1 1 1.2701944 21.2825 0.0003
TDS of concentrate 1 1 0.4277186 7.1666 0.0172
1st Stage Circ. 1 1 2.2215268 37.2224 <.0001
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